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In Brief
Decelle et al. show that the reef-building coral symbiont Symbiodinium occurs in the world's oceanic waters far from reef ecosystems. Clades A and C are the dominant Symbiodinium lineages in the ocean. Their gene expression for core metabolic pathways in small and large plankton fractions suggests both freeliving and symbiotic lifestyles.
SUMMARY
The dinoflagellate microalga Symbiodinium sustains coral reefs, one of the most diverse ecosystems of the biosphere, through mutualistic endosymbioses with a wide diversity of benthic hosts [1] . Despite its ecological and economic importance, the presence of Symbiodinium in open oceanic waters remains unknown, which represents a significant knowledge gap to fully understand the eco-evolutionary trajectory and resilience of endangered Symbiodinium-based symbioses. Here, we document the existence of Symbiodinium (i.e., now the family Symbiodiniaceae [2] ) in tropical-and temperate-surface oceans using DNA and RNA metabarcoding of sizefractionated plankton samples collected at 109 stations across the globe. Symbiodinium from clades A and C were, by far, the most prevalent and widely distributed lineages (representing 0.1% of phytoplankton reads), while other lineages (clades B, D, E, F, and G) were present but rare. Concurrent metatranscriptomics analyses using the Tara Oceans gene catalog [3] revealed that Symbiodinium clades A and C were transcriptionally active in the open ocean and expressed core metabolic pathways (e.g., photosynthesis, carbon fixation, glycolysis, and ammonium uptake). Metabarcodes and expressed genes of clades A and C were detected in small and large plankton size fractions, suggesting the existence of a free-living population and a symbiotic lifestyle within planktonic hosts, respectively.
However, high-resolution genetic markers and microscopy are required to confirm the life history of oceanic Symbiodinium. Overall, the previously unknown, metabolically active presence of Symbiodinium in oceanic waters opens up new avenues for investigating the potential of this oceanic reservoir to repopulate coral reefs following stress-induced bleaching.
RESULTS AND DISCUSSION
Presence and Diversity of Symbiodinium in Open Oceanic Waters Endosymbioses involving the dinoflagellate genus Symbiodinium (now representing the family Symbiodiniaceae [2] ) are the foundation of coral reef ecosystems that provide close to $375 billion in goods and services each year [1, 4, 5] . Because of widespread coral reef mortality and degradation [6, 7] , there is an urgent need to comprehensively understand the life history, ecology, and evolution of Symbiodinium. To date, most research on the diversity and biogeography of Symbiodinium has focused on symbiotic populations from coastal benthic ecosystems [8, 9] . Studies of free-living Symbiodinium in the environment (ex hospite) are comparatively rare [10, 11] , despite the importance of free-living stages for sexual recombination [12, 13] and as a reservoir for larval hosts that must acquire new symbionts for their growth [14] . It is currently not known whether this microalga is endemic to coastal benthic ecosystems or can also exist as a free-living planktonic alga in the open ocean between coastal reef ecosystems. While population genetic studies on in hospite Symbiodinium tend to report low connectivity between reefs [8, 15] , the extended genetic repertoire of Symbiodinium (i.e., up to 49,000 genes) [16, 17] , its mixotrophic ability [18] , and the motile stages observed in culture together argue for adaptation to pelagic waters. Tracing the occurrence of Symbiodinium in oceanic waters is crucial in evaluating whether there is a planetary reservoir of cells that could potentially recolonize corals and restart carbon fixation in near-shore reef ecosystems following mass bleaching.
Here, we generated and analyzed DNA/RNA metabarcoding datasets from plankton samples collected during the Tara Oceans expedition [19] in order to assess the presence of Symbiodinium (i.e., the family Symbiodiniaceae) in the world's open ocean and thereby reinterpret its ecology through a macroevolutionary lens. We analyzed >3.6 million eukaryotic rDNA metabarcodes (i.e., the V9 region of the nuclear 18S rRNA) from 324 size-fractionated plankton communities collected in surface waters (0-10 m deep) at 121 stations ( Figure 1A ). Symbiodinium reads were extracted using a reference database containing V9 rDNA sequences from the nine Symbiodinium clades described so far (clades A-I, which can represent different genera) ( [2] ; see also [9, 20] ) ( Figure S1 ; Table S1 ). Symbiodinium reads were found in 90% (109 out of 121) of the pelagic stations, revealing an unexpected pandemic distribution of this microalga far from benthic coastal ecosystems (i.e., up to 3,000 km away) ( Figure 1 ; Tables S2 and S3 ). The relative abundance of Symbiodinium reads among the total reads of the entire eukaryotic planktonic community (protists and metazoans) was globally more pronounced in tropical and sub-tropical waters (up to 0.1%), and decreased or even became undetectable at higher latitudes (e.g., Southern Ocean) ( Figure 1 ), indicating an ecological preference for warm and oligotrophic oceanic waters.
In total, we found 44,607 Symbiodinium reads distributed in the piconanoplankton (piconano) (0.8-5 mm), the microplankton (micro) (20-180 mm) , and, to a lesser extent, the mesoplankton (meso) (180-2,000 mm) size fractions ( Figures 1B and 1C ). In the smallest size fraction, which putatively corresponds to freeliving cells, Symbiodinium reads represented, on average, 0.1% of the phytoplankton reads and, in some pelagic stations, reached abundances comparable to those of other known phytoplankton genera, such as the haptophytes Phaeocystis and Emiliania or the diatom Skeletonema (Data S2). In the micro and meso plankton size fractions that likely include symbiotic stages within host organisms, Symbiodinium reads represented 0.3% and 1.4% of phytoplankton reads, respectively. Overall, a large fraction of Symbiodinium reads (68%) were identical to 18 reference sequences of Symbiodinium clades A, B, C, D, F, and G (sensu [21] ). Clade A, which is the earliest diverging Symbiodinium lineage in phylogenetic reconstructions [21, 22] , was, by far, the most dominant clade in the open ocean (77% of total Symbiodinium reads in all size fractions and stations), followed by clades C (18%), F (1%), and B (0.4%) at much lower abundances. The dominance of clade A among Symbiodinium reads decreased from the smallest (93%) to the largest size fractions (43.4%), whereas the contribution of clade C (the genus Cladocopium) increased (45%). In the large size fractions (20-180 mm and 180-2,000 mm), Symbiodinium reads likely correspond to a symbiotic stage within planktonic host organisms. For clade A, most reads (80%) were identical to V9 rDNA sequences of Symbiodinium recently found in endosymbiosis within the pelagic ciliate Tiarina sp. from the same samples [23] . Cooccurrence analyses showed a significant correlation between clade A and the ciliate (Spearman's rho = 0.64; Data S2). These clade A sequences were also found in the smallest size fraction ( Figure 2B ), suggesting that they may correspond to free-living stages of Tiarina symbionts. However, the sequencing of a barcode with a higher taxonomic resolution [24] will be needed to verify this hypothesis. For clade C, co-occurrence analyses showed a correlation with anthozoans (Spearman's rho = 0.73; Data S2), suggesting a symbiotic stage within the larvae of anemones and/or corals drifting in the open ocean. Clade B (the genus Breviolum) was specifically found in the Mediterranean Sea in all size fractions, while clade D was mainly detected in the Indian Ocean in the piconano size fraction ( Figure 1C ). The relatively rare clades F and G were found in the Indian and South Pacific Oceans up to 500 km away from coral reef habitats, mainly in the larger plankton size fractions.
To evaluate whether the putative free-living Symbiodinium cells are active in the ocean, we extracted total RNA from the smallest fractions (0.8-20 mm) of 16 plankton communities from surface waters in the Indian, North Atlantic, and South Pacific Oceans, from 50 to 3,000 km away from coral reef ecosystems. RNA was targeted, as it better represents active organisms in the water column, as compared to DNA [25, 26] . The plastidial 23S rRNA gene was obtained and taxonomically assigned with a newly constructed reference database (Data S1) [27] . Corroborating the V9 rDNA barcode, plastidial RNA metabarcodes were largely dominated by Symbiodinium clades A and C ( Figure 1D ). Both clades were represented by few highly abundant metabarcodes strictly identical or highly similar (>96%) to Symbiodinium reference sequences from benthic reef hosts ( Figure S2 ; Data S1). In much lower abundance, plastidial metabarcodes of clades D and B were found evenly across stations ( Figure 1E ). Although detected by only 11 reads, a metabarcode strictly identical to the reference sequence of Symbiodinium voratum [28] in clade E (the genus Effrenium) was found in the Indian and North Atlantic Oceans. This species is known to feed on bacteria and other microalgae with its well-developed peduncle and is presumed to be free living and not involved in stable symbioses [18] .
In the water columns of coral reefs in the Indian and South Pacific Oceans, the relative abundance and diversity patterns of Symbiodinium V9 rDNA were similar to those observed in oceanic waters (outside reefs), with dominance of clades A and C ( Figure 2 ). Clade C was the dominant Symbiodinium lineage (73%), with a lower contribution of clade A (18%), compared to pelagic waters, followed by clade D (2.6%). In the smallest size fraction, the presence of clades C and A (60% and 31%, respectively) corroborates previous tropical reef studies showing the presence of free-living clade C (the most speciose and common clade of symbionts of reef-building corals [22, 29] ) and clade A in reefs' water columns and sediment [10, 11, [30] [31] [32] . The other clades (B, D, F, and G) were relatively more prevalent in reef waters (4.5% of Symbiodinium reads) than open oceans (1.7%), particularly in larger size fractions ( Figure 2A ). Of note, clades E, H, and I, which are assumed to have a narrow geographic distribution and host spectra [20] , were not detected in the reef and oceanic V9 rDNA datasets.
Symbiodinium Gene Diversity and Function in the Open Ocean
We next explored whether Symbiodinium populations in oceanic waters are metabolically active by analyzing the global ocean atlas of eukaryotic genes [3] , containing 116 million expressed unigenes. We used 23 reference transcriptomes of Symbiodi-nium from clades A to F to extract all environmental Symbiodinium unigenes and analyzed their function and expression across stations and size fractions (Table S3 ). We found 5,119 unigenes that shared >95% identity to reference transcriptomes of clades A and C, but we did not detect unigenes from any other clades ( Figure 3A ). This confirms that clades A and C are not Figure S1 and Table S1), the environmental nuclear 18S rDNA metabarcodes (V9 region) of the microalga Symbiodinium were searched in the oceanic and reef stations, which are highlighted in orange and blue, respectively. In addition to the V9 rDNA, the plastidial 23S rRNA marker (hypervariable region cp23S-HVR) of Symbiodinium was also obtained in the oceanic stations (far from reef waters) and is highlighted in green. only the most abundant Symbiodinium in the open ocean but also the most transcriptionally active. More specifically, we unveiled the partial transcriptome of clade A containing 2,983 unigenes assigned to type A1 at 97.1% identity on average (Figure 3B ). Like metabarcodes, expressed genes of clade A were found in the small (piconano) size fraction ( Figures 3C and S2) , supporting the existence of clade A as an active autonomous microalga in the open ocean. However, unigenes were relatively less prevalent in the small size fraction (up to 0.0017% of all mapped reads) than in the micro size fraction (up to 0.021%), suggesting a lower abundance and/or lower gene expression of clade A in the free-living stage. We also detected the partial transcriptome of Symbiodinium clade C composed of 2,136 unigenes, of which 1,337 were assigned to type C1 [33] with 98.9% identity, and 1,601 were assigned to type C15 [34] with 96.9% identity (i.e., 802 unigenes were aligned on both transcriptomes) ( Figures 3A and 3B) . These unigenes were detected in two stations in the piconano size fraction (up to 0.002% of all mapped reads) and were relatively more prevalent in the micro and meso size fractions (up to 0.015% of all mapped reads) ( Figure 3C ).
Despite the incompleteness of the two open ocean Symbiodinium clade A and C transcriptomes, we analyzed the most highly waters and present in at least five samples in the piconano plankton size fraction. Each square symbol and round symbol corresponds to one metabarcode assigned at 100% and at P99% to a reference sequence, respectively. The size of the symbol indicates the abundance of the metabarcode in the dataset, and its color indicates a specific Symbiodinium clade. Black symbols indicate that the metabarcode is not present in oceanic but in reef waters or vice versa. The letter T inside symbols indicates that the V9 rDNA metabarcode is identical to a sequence of Symbiodinium found in symbiosis with the pelagic ciliate Tiarina [23] . Haplotype networks were built with the R igraph library. See also Figure S1 . prevalent functions by counting the number of unigenes carrying gene ontology (GO) terms ( Figures 4A and 4C ). For both clades, genes associated to translational activity were the most abundant, followed by oxidation-reduction processes, photosynthesis, proteolysis, and carbohydrate metabolic processes (e.g., glycolysis), indicating that the main central metabolic pathways of a microalga are expressed in oceanic Symbiodinium. In order to assess the functional expression of Symbiodinium unigenes, we calculated the expression level of unigenes carrying the same Pfam domains and compared their average relative expressions ( Figures 4B and 4D ; Table S4 ). In clades A and C, light-harvesting-complex coding genes (Pfam: Chloroa_b-bind) were the most expressed, with up to 9% of total gene expression. Clade A also exhibited high transcription levels for genes involved in (1) photosynthesis (e.g., photosystems I and II), such as PsbH (1.46%, on average, across size fractions), Rieske domain-containing proteins (1.46%), PsbU (1.08%), Ferredoxin (Fer2; 0.80%), PsbY (0.76%), and PsaE (0.47%); (2) carbon fixation, such as bicarbonate transporter (HCO3_cotransp; 0.80%) and carbonic anhydrase (cdCA1; 0.59%); (3) glycolysis, such as glyceraldehyde 3-phosphate dehydrogenase (Gp_dh:C; 0.74%) and fructose-bisphosphate aldolase (F_bP_aldolase; 1.20%); and (4) nitrogen metabolism, such as NAD-specific glutamate dehydrogenase (NAD-GH; 0.69%). These results demonstrate that clade A is photosynthetically active and capable of fixing carbon and assimilating inorganic nitrogen in the small (free-living) and large size fractions. In clade C, in addition to genes involved in the photosynthetic machinery, carbonic anhydrase (Pro_CA: 1.4%) and ammonium transporters (1.25%) were highly expressed ( Figure 4D ). Of note, ammonium transporter genes in clades A and C tended to be more prevalent in the small size fraction (clade C, 2.48%; and clade A, 0.47%) than in larger size fractions (clade C, 0.69%; clade A, 0.16%). This suggests that nitrogen uptake and recycling are different between the free-living and symbiotic lifestyles. These results also reflect recent analysis of Symbiodinium genomes that found Table S3 ). Each circle represents a set of unigenes matching one Symbiodinium reference transcriptome, and the circle size is proportional to the number of unigenes expressed in the open ocean (indicated in parentheses). Overlapping circles represent unigenes shared between two or more reference transcriptomes. Symbiodinium transcriptomes matching fewer than 500 unigenes were removed from this figure. (B) Distribution of the percentages of identity between unigenes and Symbiodinium reference transcriptomes. Unigenes matching clade C15 and A1 transcriptomes were pooled (blue and red graphs, respectively). (C) World map representation of Symbiodinium unigenes (clades A and C) detected in the global ocean atlas of the eukaryotic genes of Tara Oceans [3] , across different plankton size fractions (see also Figure S2 ). Circle sizes represent the percentages of reads aligned on all unigenes of Symbiodinium clade A (red) or clade C (green) transcriptomes. See also Figure S2 and Table S3 . (legend continued on next page) a high prevalence of bicarbonate-and ammonium-related transporter genes in comparison to other dinoflagellates [35] .
Conclusions
This study provides a first global picture of the diversity and activity of Symbiodinium in the open ocean, outside the realms of shallow benthic reef ecosystems, at large geographical and macro-evolutionary scales (i.e., lineage level). Clades A and C constitute most of the Symbiodinium diversity and perform typical metabolic pathways of a microalga. The pervasive presence of Symbiodinium in the small size fraction, mainly clade A, suggests a free-living lifestyle in oceanic waters. Free-living cells may rely on their extensive genetic repertoire, mixotrophy, and physiological mechanisms [18, 35] , as well as the metabolic pathways unveiled in our study. The most prevalent clade A is also the most ancestral Symbiodinium lineage [21] , reinforcing the hypothesis that Symbiodinium originally inhabited the open ocean as an autonomous, free-living microalga [36] , prior to colonizing reef ecosystems through the establishment of symbioses with benthic hosts during the Jurassic Period [2] . The dominance of clade A in the ocean may also explain why this clade is the most slowly evolving lineage among Symbiodinium lineages [21] . Immense exogenous populations in the oceans would allow increased frequency of genetic exchange through sexual recombination conserved in Symbiodinium [13, 37] , as opposed to the clonal propagation of smaller populations in reefs experiencing recurrent bottlenecks in hospite. Clades A and C may also be present in the open ocean as endosymbionts within planktonic hosts, such as the ciliate Tiarina, jellyfishes, or coral and anemone larvae [23] . The free-living and symbiotic stages of Symbiodinium will have to be confirmed by microscopy observations. Other Symbiodinium lineages (B, D, F, and G) were detected in oceanic waters at much lower abundance and may, thus, be more restricted to coastal benthic ecosystems, compared to clades A and C. We speculate that these rare clades may be drifting passively from freshly released symbiotic forms or through meroplanktonic larvae.
This study raises the question of whether Symbiodinium in the open ocean constitutes a beneficial reservoir of functional diversity that could potentially repopulate highly impacted reef ecosystems and, therefore, engage in maintaining biodiversity and resilience of this key habitat. While Symbiodinium clade C (Cladocopium) generally has a high rate of carbon fixation and subsequent translocation to hosts, some types of clade A are recognized as opportunistic or even parasitic, since they grow rapidly in corals recovering from bleaching events [38, 39] . Thus, future studies should investigate the dispersal of Symbiodinium clades in the ocean at finer taxonomic (i.e., ITS2 marker [24] ), spatial, and temporal resolutions and also evaluate their capacity at establishing symbiotic partnerships upon arrival in reef ecosystems. Understanding of the global bentho-pelagic connectivity is critical for effective management of vital reef ecosystems in the face of anthropogenic threats.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
DNA from different Symbiodinium clades was used to construct the reference database of the rDNA V9 marker. Symbiodinium isolates were obtained from cultures (grown at 22 C in F/2 medium and 100 mmol quanta.m -2 .s -1 ) at the Roscoff Culture Collection (http://roscoff-culture-collection.org/), and from a variety of hosts, such as Foraminifera (Table S1 ).
METHOD DETAILS
Analysis of the V9 rDNA metabarcoding dataset of the Tara Oceans expedition Metabarcoding is particularly relevant in the case of Symbiodinium, since its putatively low natural abundance ex hospite and the lack of discernible morphological characters make the detection of this microalga within environmental microbial assemblages impossible using traditional microscopy [45] . We analyzed 3,575,329 rDNA metabarcodes (i.e., V9 region of the nuclear 18S rDNA) that are publicly available (EBI accession number PRJEB16766) from 385 size-fractionated plankton communities collected in surface waters at 121 stations across the world's oceans during the Tara Oceans expedition (see [19, 40, 41] for more details on the sampling and data processing). Sampling included reef waters (in the water column of reef ecosystems) from the Indian and Pacific Oceans, and oceanic waters (outside reefs, in the open ocean). Three plankton size fractions were considered: piconano (0.8-5 mm), micro (20-180 mm), and meso (180-2000 mm). For each community of eukaryotes (representing on average 1,128,579 V9 rDNA reads), the V9 metabarcoding dataset was interrogated in order to extract and taxonomically assign Symbiodinium reads. To do so, a dedicated V9 reference database was built based on a curated alignment of 107 public 18S rDNA sequences of Symbiodinium (obtained from Pr2 database [46] ) and newly produced sequences from different Symbiodinium clades. To obtain these sequences, the V9 region was PCR sequenced from DNA extracts of cultured and uncultured Symbiodinium using a forward primer in the 18S rDNA gene (1389F: 5 0 -TTGTACACACCGCCC-3 0 ) and a reverse primer in the 5.8S (ITS_din_rev: 5 0 -GTGAATTGCCAGAACTCCGTG-3 0 ) using the same PCR conditions described below and as in [23] . The reference database contained 18 distinct V9 rDNA sequences representing the nine Symbiodinium clades described to date (A-I) [20] , as well as intra-clade variants, such as D1 and D2 [21] (Table S1 and Figure S1 ). Although displaying few polymorphic sites, the V9 rDNA region can be effectively used as a clade-level barcode for Symbiodinium environmental surveys. Read extraction and assignment were performed using a conservative nucleic identity threshold of R 99% to reference Symbiodinium V9 rDNA sequences on a global alignment (vsearch v2.3.1 using the-usearch_global command with-iddef 1). The different graphs presenting V9 rDNA metabarcoding data have been generated with the R libraries ggplot2 and igraph [42] . In order to assess co-occurrence patterns between Symbiodinium clades A and C and putative hosts (e.g., the ciliate Tiarina, Anthozoa, Scyphozoa, and Foraminifera) in large size fractions (20-180 mm and 180-2000 mm), multiple pairwise comparisons were performed as in [23] , using Spearman's rank correlation tests based on the relative abundances of their V9 rDNA reads (Data S2). P values were adjusted for multiple comparisons using the Holm method [47] . Correlations between groups (i.e., Symbiodinium clades A and C, and their putative hosts) were considered significant when p values were < 0.05.
RNA extraction, PCR amplification and assignment of environmental plastidial 23S rRNA sequences of Symbiodinium
In order to further investigate the presence of live Symbiodinium cells in the ocean, the hypervariable region of the chloroplast 23S domain V (cp23S-HVR) was amplified and sequenced from RNA-derived template. This genetic marker was selected because of the high specificity of the cp23S-HVR primers for distinguishing Symbiodinium from other closely related dinoflagellates in complex environmental samples [11, 30] . An additional advantage of this coding locus is that it may be directly linked to physiological performance [48] . Total RNA was extracted using the NucleoSpin RNA kit (Macherey-Nagel) from the pico-nano (0.8-5 mm) and nano (5-20 mm) HiSeq Illumina. The accession number for the raw plastidial 23S rRNA reads reported in this paper is EBI: PRJEB27503. Exact sequence matching was used to demultiplex the raw fastq files and to trim primers. Paired-end reads that did not cover the complete region were trimmed at 68 bp and 79 bp for R1 and R2 reads, respectively, and concatenated. The same process was applied to the reference 23S rRNA sequences, described below. Sequence dereplication was performed with vsearch [44] , and clustering of environmental 23S rRNA metabarcodes with Swarm [43] , using the fastidious option and default parameters. Taxonomic assignment was performed with global pairwise alignment (as implemented in vsearch [44] ) against a reference database of Symbiodinium modified from [27] (Data S1). This database contains 141 plastidial 23S rDNA sequences of diverse Symbiodinium clades and subclades obtained in the symbiotic and free-living stages, as well as sequences from diverse phytoplankton lineages (i.e., outgroups), such as other dinoflagellates, chlorophytes, rhodophytes, cryptophytes, land plants, diatoms, and cyanobacteria (Data S1).
Transcriptomic analyses
Transcript homologies between 23 reference transcriptomes of Symbiodinium (Table S3 ) and the eukaryotic unigene catalog of Tara Oceans [3] were detected with a nucleic BLAST v:2.2.28. Sequence alignments with more than 95% of identity and over 80% of the unigene length were kept. Abundance and expression of each unigene in each Tara Oceans sample were obtained here http://www. genoscope.cns.fr/tara/. Expression values of unigenes were computed as a percentage of all mapped reads for each Tara Oceans sample. Selected unigenes were filtered in order to remove outliers (contaminants, cross-mapped and/or high copy number genes) with two distinct methods: 1-unigenes with atypical metagenomic abundance in each sample relative to other unigenes of the same transcriptome (R v:3.1.1 package ''outlier,'' z-score method, 99% of confidence). 2-unigenes expressed in too many samples in comparison to all unigenes of a Symbiodinium transcriptome (same tool and parameters). After these two methods, 84 unigenes were eliminated for clade A and 56 for clade C. The Euler diagram of Figure 3 was made with ''venneuler'' package v:1.1 after removing Symbiodinium references matching less than 300 unigenes. World maps were drawn with the following R packages: rgeos, maptools, scatterpie, and ggplot2.
Unigene Pfam annotations (available at http://www.genoscope.cns.fr/tara/) from the eukaryotic gene catalog were used to describe functional activity of Symbiodinium. We then used the Pfam2GO correspondence table (v 01/2018) to attribute a Gene Ontology (GO) term to unigenes when possible. Results were represented with the R package treemap using two levels of classification. For each transcriptome, unigene expression values normalized as the percentage of all reads mapped for each transcriptome were added up by Pfam domain for each sample. All samples from the same size-fraction were grouped and the mean value for each Pfam domain was kept. These normalized expression values are given in Table S4 .
QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analysis and graph production were performed using R with specific libraries mentioned above and in the legends of the related figures and tables (e.g., ggplot2, igraph, rgeos, maptools). In total, 324 metabarcoding samples (the nuclear V9 rDNA barcode) have been analyzed. N numbers were as follows: 102 from the piconano size fraction (0.8-5 mm), 114 from the micro size fraction (20-180 mm), and 108 from the meso size fraction (180-2000 mm) (Figures 1 and 2) . For the co-occurrence analyses, multiple pairwise comparisons were performed using Spearman's rank correlation tests (Data S2). P values were adjusted for multiple comparisons using the Holm method and correlations between groups were considered significant when p values were < 0.05. For the metatranscriptomics analysis, 308 samples have been analyzed. N numbers were as follows: 66 for the piconano À0.8 À5 mm -size fraction, 49 for the 0.8 -2000 mm size fraction, 63 for the 5 À20 mm size fraction, 63 for the micro 20-180 mm size fraction, and 67 for the meso 180 -2000 mm size fraction (Figures 3 and 4) .
DATA AND SOFTWARE AVAILABILITY
The accession numbers for the ribosomal nuclear sequences (V9 rDNA and ITS1) and the environmental plastidial 23S rRNA sequences of Symbiodinium reported in this paper are GenBank: MH702341-MH702366 and EBI PRJEB27503, respectively.
